Cubic yttria-stabilized zirconia (YSZ) films with yttria concentrations of 8.7, 9.9, and 11 mol% have been deposited by reactive pulsed DC magnetron from Zr-Y alloy targets. The overall microstructure and texture in the films showed no dependence on the yttria -concentration. Films deposited at floating potential had a <111> texture. Single -line profile analysis of the 111 X-ray diffraction peak yielded a grain size of ~18 nm and a microstrain of ~2%, regardless of deposition temperature. Films deposited at 400 ºC and selected bias voltages in the range from -70 V to -200 V showed a reduced grain size for higher bias voltages, yielding a grain size of ~ 7 nm and a microstrain of ~2.5% at a bias voltage of -200 V with additional incorporation of argon.
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Introduction
The field of nanoionics studies nanoscale and interfacial effects on ionic conductors. A number of studies [1] [2] [3] [4] have proposed that the migration of ions in nanocrystalline materials is mainly affected by grain boundaries and interfaces, which can exhibit orders of magnitude greater diffusivity than that of the lattice [5, 6] . In simplified model systems such as superlattices [7, 8] or highly textured thin films [9] , these effects have been demonstrated. However, the evidence for such effects in practical applications of ionic conductors is difficult to separate and remains more phenomenological. Of particular interest to the present work is the cubic yttria-stabilized zirconia (YSZ) system, one of the most studied solid oxide ionic conductors, in part because of the interest for large-scale practical applications as electrolytes in solid oxide fuel cells (SOFCs) [10] [11] [12] . There have been several studies on the effect of nanocrystallinity on the ionic conductivity of YSZ;
however, experimental results are contradictory, with e.g. Knöner et al. [5] reporting a strong enhancement in oxygen diffusion along grain boundaries in nanocrystalline (nc) YSZ, while a more recent study claimed the opposite [13] . Kosacki et al. reported substantial increases in ionic conductivity for ultrathin YSZ films [9] , whereas others have reported decreases in conductivity with decreasing grain size in nanocrystalline YSZ [14] . Given these discrepancies in the literature, further studies of nano-ionic effects in practically relevant ionic conductors for SOFC electrolytes are needed.
In this context, an important current research direction is the development of thin-film solid electrolytes (< 1 μm), since this could be a manner of lowering the operation temperature of SOFCs.
Also here, it is debated whether grain-boundary or bulk conduction is the dominant mechanism for ionic conduction in nanocrystalline thin films [14] [15] [16] . For example, YSZ thin films deposited by sputtering and sol-gel techniques have lead many authors to draw opposing conclusions. We have 4 previously investigated yttria-and scandia stabilized zirconia thin films deposited by magnetron sputtering, and observed strong indications of a mixed bulk-and grain-boundary conduction mechanism in nanocrystalline (nc) YSZ films [15] , while pure bulk conduction was apparently dominant in (nc) scandia-stabilized zirconia (SSZ) [16] . Furthermore, we observed several orders conductivity enhancement in epitaxial YSZ grown on MgO and SrTiO 3 single crystals in a recent work [17] . However, there is an additional important issue in the investigation of ionic conductors, and especially in practical solid electrolytes for SOFCs, namely the role of impurities. Here, we have performed an experiment to investigate the role of impurities, in particular Hf impurities. In a previous study the role of Ar in nc-YSZ was investigated [15] . Both these impurities are difficult to avoid since Hf is invariably found in zirconium ores, and the separation is difficult (commercial grade zirconium typically contains from 1 to 3 at.% hafnium), while Ar from the process gas is often incorporated in sputtered films. Hf is expected to incorporate substitutionally on Zr positions in the lattice close to equilibrium conditions, while Ar has a strong tendency for segregation to the grain boundaries [15] . The film thickness and chemical composition were determined by Rutherford backscattering spectroscopy (RBS) using 2 MeV 4 He + ions and a scattering angle of 161º. The experimental data were simulated with the RUMP program assuming fully dense films [18] . Within the measurement accuracy, RBS showed that the film thickness had little dependence on substrate temperature (above 200 ºC) and substrate bias. X-ray diffraction (XRD) measurements in θ-2θ and grazing incidence (GIXRD) geometry (5º incidence) were performed with a Bruker D8 Discover diffractometer using CuKα radiation. Single-line profile analysis was performed with the software package TOPAS 2.1
[19] using a pseudo-Voigt peak profile [20] ; the size of the coherently diffracting domains, which has been used as a measure for the average grain size, and the microstrain were determined from the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 integral breadths of the Lorentzian and Gaussian constituents of the pseudo-Voigt function, respectively.
Impedance spectroscopy measurements were carried out in a dry-air atmosphere oven, using Ag electrodes painted onto the film surface. The YSZ films were ~1 μm thick on a quartz substrate and the separation between the Ag electrodes was 1.5 mm. Measurements were performed at temperatures from 700 ºC down to 400 ºC in steps of 50 ºC (10 ºC/min) and a dwell time of 40 min in order to avoid any microstructural changes between measurements and to ensure steady state conditions at each measuring point. A Hioki 3250-50 frequency analyzer in the range 42 Hz -1
MHz was used and the impedance data were analyzed with the software ZSimpWin 3.21 [21] . Note that even though we have done AC measurements, the geometry allowed us only to resolve the total conductivity, and not the grain interior and grain boundaries. No substrate contribution was observed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 3. Results and discussion 3.1 Film structure and composition Fig. 1 shows θ-2θ x-ray diffractograms for films deposited at 400 °C and floating potential (~-20 V on the substrate), with yttria concentrations of 8.7, 9.9, and 11 mol%, respectively. All peaks can be attributed to cubic YSZ [22] . In Fig. 1 , the 111 peak is dominant † , showing that these films have a <111> texture. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 bias voltages of 70 V or less, no Ar could be detected in the films, as expected [15] . Furthermore, from the RBS spectra in Fig. 3a it is observed that Hf impuritites from the target material are incorporated in the films with an yttria content of 8.7 mol%. The samples with 11 mol% Y 2 O 3 were deposited from a pure Zr-Y alloy (80 -20 at.%) target and showed no Hf impurities. The samples with 9.9 mol% Y 2 O 3 also contain some Hf impurities (RBS spectra not shown), since they were deposited by co-sputtering from both targets. Fig. 3b shows a logarithmic-scale plot of the RBS spectra for the two sputtering targets used in this study. From this figure it is evident, that the Hf impurities in the films with an yttria content of 8.7 mol% originate from the target material (estimated ~0.3 at.%). All films were found to be stoichiometric in oxygen according to the formula
Within experimental errors, identical results were obtained for films with yttria contents of 9.9 mol% and 11 mol%.
Ionic conductivity
The Arrhenius expression relating ionic conductivity, σ, and absolute temperature, T, is given
where A is the pre-exponential coefficient, E a is the activation energy for oxygen ion migration, and k B is the Boltzmann constant, respectively. respectively. All data sets follow an Arrhenius-like behaviour. Least-squares-fitting yielded activation energies for oxygen ion migration in the range 1.25-1.32 eV (eq. 1). These values are similar to the activation energy for migration in bulk YSZ [23] . From Fig. 4a it is seen that the in -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 plane ionic conductivities for films deposited at 400 o C and floating potential show no dependence on the nominal yttria concentration in the films. Compared to bulk materials, this is not the expected behavior of YSZ. It is well-known that bulk YSZ exhibits a maximum in ionic conductivity at an yttria concentration of ~8.0 mol% and gradually smaller values at higher yttria concentrations [24] . Fig. 4a therefore suggests that a significant part of the ionic conduction take place through the grain boundaries in samples deposited with floating potential. This supports our conclusion from previous work that ionic conduction in nc-YSZ occurs mainly through grain-boundary migration [15] , which should not depend on the dopant concentration. In this context, we do not consider segregation of Y 3+ ions to the grain boundaries to be a significant effect. In a recent study, Matsui et al [25] studied temperatures. This supports our assumption that segregation of Y 3+ ions to the grain boundaries can be neglected since all present studied films were stabilized in the cubic phase (cf. Fig. 1 ).
For films deposited at 400 ºC and a substrate bias of -70 V (Fig. 4b) , a significant increase in in-plane ionic conductivity is observed for the sample with a dopant concentration of 11 mol% Y 2 O 3 as compared to the corresponding sample deposited at 400 ºC and floating potential (Fig. 4a) , a minor increase is observed for the sample with 9.9 mol% Y 2 O 3 , and no increase is observed for the sample with 8.7 mol% Y 2 O 3 . The same behavior was observed in films deposited at -100 V bias (data not shown). The increase in ionic conductivity of the 11 mol% Y 2 O 3 sample deposited at -70 V compared to the corresponding sample at floating potential again suggests grain-boundary migration due to different grain sizes and/or grain boundary structures [15] . In addition, since the present study showed that the grain-size and possibly also the grain-boundary structure do not 10 depend on the yttria-concentration (cf. Fig. 2 ), the same conduction mechanism (i.e. grain-boundary migration) would also be expected to dominate all samples with -70 V bias (cf. Fig. 4b ).
Furthermore, the observations from Here, we only consider the role of Hf impurites, since no Ar was detected in samples deposited at a substrate bias of -70 V or less.
From Fig. 4a , no apparent influence of the Hf impurities contained in the samples with 8.7 and 9.9 mol% Y 2 O 3 and deposited at floating potential is observed. This is probably due to the fact that Hf 4+ normally substitute for Zr 4+ in the cation sublattice, since zirconium and hafnium are chemical similar and have equal ionic radii. We assume that the substitutional Hf 4+ ions do not influence the ionic conductivity since no additional oxygen vacancies are introduced within the lattice. The substituted Hf 4+ ions will, however, have a higher energy than Zr 4+ within the lattice, since Hf 4+ is twice as heavy as Zr 4+ , thereby creating mass distortion of the lattice [26] . This increased energy may result in segregation of the Hf atoms to the grain boundaries in case of high-energy ion bombardment during growth. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 increases in ionic conductivity with decreasing grain size [9, 27] , whereas Peters et al report decreases in conductivity [14] . However the role of impurities is not considered in either study.
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Conclusions
This work has demonstrated that the effects of dopant concentration and impurities on the inplane ionic conductivity in magnetron-sputtered nanocrystalline yttria-stabilized zirconia cannot be explained from a purely bulk mechanism for ionic conduction, even though activation energies for oxygen ion migration in the range 1.25 -1.32 eV, similar to bulk migration, were obtained.
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